A high resolution contact lens structure increases the numerical aperture of a long working distance micro scope, while correcting the chromatic and spherical aberrations generated at the surface between the lens structure and the cornea. The structure in one embodi ment has a front plate element having two parallel flat lens surfaces. A first lens element has a flat first lens surface in contact with the plate, and a concave second surface. A second lens element has a convex first lens surface in contact with the concave second surface of the first lens element, and a convex second lens surface. The lens element thicknesses, lens surface radii and indices of dispersion and refraction of the lenses are selected to increase the numerical aperture of the micro Scope.
The present invention relates to a high resolution contact lens structure, for use with a long working distance microscope objective, for examining a cornea of an eye. Contact lens structures are sometimes re ferred to as dipping cones.
Within this application several publications are refer ences by arabic numerals within parentheses. Full cita tions for these and other references may be found at the end of the specification immediately preceding the claims. The disclosures of all of these publications in their entireties are hereby incorporated by reference into this application in order to more fully describe the state of the art to which this invention pertains.
High magnification, clinical microscopy of the cor nea has been made practical by the use of optical ele ments that contact the surface (1), thereby establishing focus and damping involuntary lateral movements of the eye. Specular microscopes, used for examination of the endothelial cell layer of the cornea, make use of a so-called dipping cone made of a single piece of glass that attaches to the front of a long working distance microscope objective.
Generally, a dipping cone employs a flat front surface and a spherical rear surface that is concentric to the focal plane. This design increases the numerical aper ture ("NA") of the system by a factor equal to the re fractive index of the cone material, typically 1.52 to 1.65. The aberrations introduced are negligible for low NA systems, typically NA 0.35. However, dipping cones of this design cannot be used at higher NA be cause of aberrations introduced at the plane front sur face. While an NA of 0.35 is sufficient for endothelial and superficial epithelial cell examinations, a higher resolution is desirable for studies of detail within the stroma (the central layer of the cornea), cell boundaries within the epithelial cell layer, nerves in the cornea, etc.
For examination of subtle corneal detail it is also necessary to utilize optical sectioning, in order to reject scattered and reflected light from levels other than the plane of interest. This has been accomplished by scan ning slits (2, 3) and more recently by the tandem scan ning microscope that utilizes arrays of pinhole aper tures (4) . Sources of reflection and scattered light that can contribute stray light to the image include reflec tion from the interface between the cornea and the contact element, and even reflections from the endothe lial cell layer when the posterior stroma is being exam ined. Furthermore, out-of-focus cells (keratocytes) in the cornea can produce an undesirable blurred back ground that can obscure the details of in-focus kerato cytes.
SUMMARY OF THE INVENTION
It is an object of the present invention to provide a new dipping cone design that substantially increases the NA of a commercially available long working distance objective.
It is another object of the present invention to pro vide a new dipping cone design that corrects the chro It is another object of the present invention to pro vide a dipping cone that increases the resolution and magnification of a microscope objective.
It is another object of the present invention to pro vide a dipping cone having a contact surface that contacts the cornea to help stabilize the cornea position during observation or video image recording.
It is another object of the present invention to pro vide a dipping cone having the ability to image the cornea at any selected plane or depth within a range of depths.
It is another object of the present invention to pro vide a set of dipping cones, wherein each dipping cone in the set has the ability to image the cornea at any selected plane or depth within a range of depths, wherein the range of depths is different for each dipping CO. It is another object of the present invention to pro vide a dipping cone for examining the cornea to see details such as keratocytes, epithelial cell boundaries and sources of scattered light within the strona or epi thelium.
It is another object of the present invention to pro vide a dipping cone which focuses to different selected corneal depths or planes by changing the distance be tween the dipping cone and the microscope objective to which the dipping cone is coupled.
It is another object of the present invention to pro vide a dipping cone which has a contact surface located a sufficient distance away from the objective of the microscope to which it is mounted so as to clear the eyelids of a patient under examination.
In accordance with the invention, a high resolution contact lens structure, for use with a long working distance microscope objective having a characteristic numerical aperture, for examining a cornea of an eye is provided. The structure comprises a first lens element comprising a substantially flat first lens surface optically coupled to the cornea, a convex second lens surface having a selected radius of curvature, and having a selected thickness and characteristic index of dispersion and index of refraction. The structure also comprises a second lens element comprising a concave first lens surface having a radius of curvature matching said ra dius of curvature of said convex first lens surface of the first lens element and disposed in contact therewith, a convex second lens surface having a selected radius of curvature and having a selected thickness and charac teristic index of dispersion and index of refraction. The lens element thicknesses, lens surface radii, and indices of refraction and dispersion are selected to provide a numerical aperture greater than that of the microscope objective alone.
In accordance with the invention, a high resolution contact lens structure, for use with a long working distance microscope objective having a characteristic numerical aperture, for examining a cornea of an eye is provided. The structure comprises a first lens element comprising a substantially flat first lens surface, a con vex second lens surface having a selected radius of curvature, and having a selected thickness and charac teristic index of dispersion and index of refraction. The structure also comprises a front plate element having two substantially parallel substantially flat lens surfaces and a selected thickness, one of said substantially flat lens surfaces being in contact with the substantially flat 5,359,373 3 first lens surface of the first lens element and the other of said substantially flat lens surfaces for engagement with the cornea. The structure also comprises a second lens element comprising a concave first lens surface having a radius of curvature matching said radius of curvature of said convex first lens surface of the first lens element and disposed in contact therewith, a con vex second lens surface having a selected radius of curvature and having a selected thickness and charac teristic index of dispersion and index of refraction. The lens element thicknesses, lens surface radii, and indices of refraction and dispersion are selected to provide a numerical aperture greater than that of the microscope objective alone.
In accordance with the invention, a high resolution contact lens structure, for use with a long working distance microscope objective having a characteristic numerical aperture, for examining a cornea of an eye is provided. The structure comprises a first lens element comprising a substantially flat first lens surface for en gagement with the cornea, a convex second lens surface having a selected radius of curvature, and having a selected thickness and characteristic index of dispersion and index of refraction, which indices of dispersion and refraction substantially match the respective indices of the cornea. The structure also comprises a second lens element comprising a concave first lens surface having a radius of curvature matching said radius of curvature 
DETALED DESCRIPTION OF THE PREFERRED EMBODIMENT
In accordance with the invention, a high resolution contact lens structure, for use with a long working distance objective microscope having a characteristic numerical aperture, for examining a cornea of an eye is provided. The structure comprises a first lens element comprising a substantially flat first lens surface optically coupled to the cornea, a convex second lens surface having a selected radius of curvature, and having a selected thickness and characteristic index of dispersion and index of refraction. The structure also comprises a second lens element comprising a concave first lens The lens structure may further include means for mounting the structure to a microscope in order to optically couple the convex second lens surface to an objective lens of the microscope and may include means for selectively adjusting the distance between the mi croscope objective lens and the convex second lens surface.
Preferably, the front plate element is comprised of fused silica, the first lens element is comprised of flint glass, and the second lens element is comprised of crown glass.
According to another object of the invention a high resolution contact lens system is provided, comprising at least two high resolution contact lens structures as described above, each structure having a characteristic focal plane to corneal engagement surface distance which is different from at least one other structure in the system, to thereby image different corneal regions with the two structures. Preferably, three different lens structures are provided, each having a range depth of about 200 microns within the cornea, with each range depth being different from the other range depths, and wherein the range depths of all of the structures cover the full corneal depth, which is about 500 microns.
In accordance with the invention, a high resolution contact lens structure, for use with a long working distance microscope objective having a characteristic numerical aperture, for examining a cornea of an eye is provided. The structure comprises a first lens element comprising a substantially flat first lens surface, a con vex second lens surface having a selected radius of curvature, and having a selected thickness and charac teristic index of dispersion and index of refraction. The structure also comprises a front plate element having two substantially parallel substantially flat lens surfaces and a selected thickness, one of said substantially flat lens surfaces being in contact with the substantially flat first lens surface of the first lens element and the other of said substantially flat lens surfaces for engagement with the cornea. The structure also comprises a second lens element comprising a concave first lens surface having a radius of curvature matching said radius of curvature of said convex first lens surface of the first lens element and disposed in contact therewith, a con vex second lens surface having a selected radius of curvature and having a selected thickness and charac 5,359,373 5 teristic index of dispersion and index of refraction. The lens element thicknesses, lens surface radii, and indices of refraction and dispersion are selected to provide a numerical aperture greater than that of the microscope objective alone.
In accordance with the invention, a high resolution contact lens structure, for use with a long working distance microscope objective having a characteristic numerical aperture, for examining a cornea of an eye is provided. The structure comprises a first lens element comprising a substantially flat first lens surface for en gagement with the cornea, a convex second lens surface having a selected radius of curvature, and having a selected thickness and characteristic index of dispersion and index of refraction, which indices of dispersion and refraction substantially match the respective indices of the cornea. The structure also comprises a second lens element comprising a concave first lens surface having a radius of curvature matching said radius of curvature of said convex first lens surface of the first lens element and disposed in contact therewith, a convex second lens surface having a selected radius of curvature and having a selected thickness and characteristic index of disper sion and index of refraction. The lens element thick nesses, lens surface radii, and indices of refraction and dispersion are selected to provide a numerical aperture greater than that of the microscope objective alone.
The design of the contact element according to the invention is governed by several constraints. The over all length should be at least five or six millimeters (mm), so that when the front surface contacts the cornea, the body of the microscope objective does not touch the eye or the eyelid. On the other hand, the contact ele ment should be short enough that the virtual image it forms is at the focal point of the microscope objective.
Because the front surface of the contact element is con tinuously touching the cornea, focusing is best done by changing the distance between the contact element and the objective. Therefore between the back surface of the contact element and the microscope objective space is provided to allow for focusing.
The shape (curvature) of the front surface is deter mined to a large extent by the need to contact the cor nea and provide a good optical interface. A flat surface is commonly used to contact the cornea in diagnostic procedures such as applanation tonometry, specular microscopy, and ultrasound diagnosis. Small variations from flatness could be utilized. However, if the surface is concave with a radius less than that of the cornea (the radius of the cornea typically being 7.8 mm), it is possi ble to trap air bubbles in the tear layer between the element and the cornea, thereby disrupting the optical continuity of the system. A convex surface might be used, but it could produce undesirable effects in the tissue being studied. Therefore the front surface is pref erably either flat or slightly concave, but could also be slightly convex. As used herein, "substantially flat' means having less curvature than that of the cornea, being convex, concave or flat.
In order to obtain an NA substantially greater than that provided by the microscope objective itself it is necessary that the contact element have positive optical power. A convex surface on the rear surface is selected so as to provide most of the desired power. This surface contributes spherical aberration and chromatic aberra tion to the image, as will the front surface of the contact element. To correct these aberrations a second glass component is added. The two glasses are selected to In principle, the above steps are best undertaken when the combination of contact element and micro scope objective are analyzed as a unit. However, it may happen that the exact design details of the objective are not known. If the objective is known to produce an image that is essentially perfect except for the limita tions imposed by the diffraction of light, then the contact element can be designed as an independent component.
It is well known that a microscope objective of high NA that is designed for a particular thickness of cover glass does not perform well when used with a cover glass of different thickness. This principle holds for the high NA contact element as well. Thus if the element is designed to produce a good image for a focal plane that is located, say, 500 microns posterior to the surface of the cornea, the same contact element will not produce a good image of a plane that is 250 microns posterior to the surface. For the contact element that has an NA of 0.75 the acceptable range of focal depth was found to be about --100 microns. It should be noted that the "range of focal depth" as described is not the same as the "depth of focus'. The latter is the depth over which the image is observed to be sharp, without refocusing the microscope. The "range of focal depth' is defined as the range of depths within the specimen at which an acceptable image can be obtained by adjusting the posi tion of the dipping cone relative to the objective. To study the full 500 microns thickness of the cornea it is necessary to have several different contact elements. A set of three, each having a different range of 200 mi crons, would suffice.
One approach is to repeat the design procedure for each of several depths in the cornea. The radii of the two spherical surfaces would then be different for each case. An alternative approach is to make the front com ponent of the contact element form a glass that has optical properties similar to those of the cornea. Then this front component can be fabricated in a different thickness for each desired focal plane in the cornea. The remainder of the optical surfaces can remain the same. This procedure reduces the number of different optical components that must be designed and manufactured. The thickness of the fused silica plate 12 is deter mined largely by the desired depth of the focal point in the cornea. The desired depth of focus of the structure will be deeper if the plate 12 is thinner, and less deep if the plate 12 is thicker, assuming as is preferred that the plate 12 contacts the cornea. Each structure may have a range of diffraction-limited performance of approxi mately 100 microns, for a total range of 200 microns. For a cornea having a total depth of 500 microns, which may swell to 600 microns, three such structures may be provided in a set, each structure having a different range of focal planes or points. It is then possible to use the same design for elements 20 and 30 for each dipping cone. Only the thickness of the front plate needs to be selected for a desired focal depth. Manufacturing of the components is therefore simplified.
Fused silica may be selected as the composition of the front plate 12 because its ratio of index of dispersion to index of refraction (nf/nc=100464) (i.e. the inverse of the V-number) is close to that of water at 20 C.
(nf/nc=1.00454), which in turn is presumed to be close to that of the cornea.
The virtual image formed by the composite structure 10 is at the focal plane of the microscope objective, i.e. at its working distance. As used herein, the term "work ing distance' means the distance from the front lens of the microscope to the plane of focus. A long working distance is considered to be greater than about 4 mm. The Olympus ULWD 20X, NA 0.4 objective has a working distance of 1.6 mm. The overall thickness or length of the composite structure of FIG. 1 is 7 .50 mm. When the contact surface 14 of plate 12 is at the cornea, the convex surface 34 is 7.5 mm away from the cornea, and the Olympus microscope and mechanical mount for the lens structure will be far enough away to clear the eyebrow and preferably the eyelids of the patient.
The lens structure according to the preferred em bodiment increases the NA of an Olympus or Nikon Disposed between a shoulder 52 of the Olympus 20X objective and a shoulder 4.0a of the sleeve bearing mount 40 is a compression spring 54. The spring 54 serves to bias the sleeve bearing mount outward. An inner radial retaining portion 48b on movable threaded mount 48 keeps the sleeve bearing mount from escaping outward. However, rotation of focusing ring 50 will move threaded mount 48 axially inward and outward relative to base 46, and the Olympus objective which is mounted to the base 46. The longitudinal or axial spac ing between the contact element 10 and Olympus objec tive is adjusted in this manner. The pitch of the threads 44a and 48a produces a longitudinal or axial shift of the Although particular embodiments of a doublet contact element (with or without an additional contact plate) have been shown and described, a contact ele ment according to the invention may comprise a triplet contact element (with or without an additional contact plate) or larger number of lens elements. The positions of the crown and flint glasses could be interchanged.
Other glasses could be chosen. Numerous other varia tions and modifications will readily occur to those skilled in the art. The invention is not limited to the embodiments shown and described, and the scope of the invention is defined by the appended claims.
with a long working distance microscope objective having a characteristic numerical aperture, for examin ing a cornea of an eye, comprising: a long working distance microscope objective having a characteristic numerical aperture; a first lens element comprising a substantially flat first lens surface optically coupled to the cornea, a con vex second lens surface having a selected radius of curvature, and having a selected thickness and characteristic index of dispersion and index of re fraction; a second lens element comprising a concave first lens surface having a radius of curvature matching said radius of curvature of said convex first lens surface of the first lens element and disposed in contact therewith, a convex second lens surface having a selected radius of curvature and having a selected thickness and characteristic index of dispersion and index of refraction; wherein said contact lens structure thicknesses, lens surface radii, and indices of dispersion and refrac tion are selected to provide a numerical aperture greater than that of the microscope objective alone, and by a factor greater than that of the index of refraction of said first lens element.
2. The lens structure according to claim 1, further comprising a front plate element having two substan 4. The lens structure according to claim 1, further including means for mounting the structure to a micro scope to optically couple the convex second lens sur face to an objective lens of the microscope.
5. The lens structure according to claim 1, further including means for selectively adjusting the distance between the microscope objective lens and the convex second lens surface.
6. The lens structure according to claim 2, wherein the front plate element is comprised of fused silica.
7. The lens structure according to claim 1, wherein the first lens element is comprised offlint glass.
8. The lens structure according to claim 1, wherein the second lens element is comprised of crown glass.
9. A high resolution contact lens system in combina tion with the microscope objective, comprising at least two high resolution contact lens structures according to claim 1, each structure having a characteristic focal plane to corneal engagement surface distance which is different from at least one other structure in the system, to thereby image different corneal regions with the two 11. A high resolution contact lens structure combined with a long working distance microscope objective having a characteristic numerical aperture, for examin ing a cornea of an eye, comprising: a long working distance microscope objective having a characteristic numerical aperture; a first lens element comprising a substantially flat first lens surface, a convex second lens surface having a selected radius of curvature, and having a selected thickness and characteristic index of dispersion and index of refraction; a front plate element having two substantially parallel Substantially flat lens surfaces and a selected thick ness, one of said substantially flat lens surfaces being in contact with the substantially flat first lens surface radii, and indices of dispersion and refrac tion are selected to provide a numerical aperture greater than that of the microscope objective alone, and by a factor greater than that of the index of refraction of said first lens element.
12. A high resolution contact lens structure combined with a long working distance microscope objective having a characteristic numerical aperture, for examin ing a cornea of an eye, comprising: along working distance microscope objective having a characteristic numerical aperture; a first lens element comprising a substantially flat first lens surface for engagement with the cornea, a convex second lens surface having a selected radius of curvature, and having a selected thickness and characteristic index of dispersion and index of re fraction, said indices substantially matching the respective indices of the cornea; a second lens element comprising a concave first lens surface having a radius of curvature matching said radius of curvature of said convex first lens surface of the first lens element and disposed in contact therewith, a convex second lens surface having a selected radius of curvature and having a selected thickness and characteristic index of dispersion and index of refraction; wherein said contact lens structure thicknesses, lens surface radii, and indices of dispersion and refrac tion are selected to provide a numerical aperture greater than that of the microscope objective alone, and by a factor greater than that of the index of refraction of said first lens element.
13. A high resolution contact lens structure combined with a positive power lens having a characteristic nu merical aperture, for examining a cornea of an eye, comprising: a positive power lens having a characteristic numeri cal aperture; a first lens element comprising a substantially flat first lens surface optically coupled to the cornea, a con vex second lens surface having a selected radius of curvature, and having a selected thickness and characteristic index of dispersion and index of re fraction; a second lens element comprising a concave first lens surface having a radius of curvature matching said radius of curvature of said convex first lens surface of the first lens element and disposed in contact therewith, a convex second lens surface having a selected radius of curvature and having a selected thickness and characteristic index of dispersion and index of refraction; wherein said contact lens structure thicknesses, lens surface radii, and indices of dispersion and refrac tion are selected to provide a numerical aperture greater than that of the postive power lens alone, and by a factor greater than that of the index of refraction of said first lens element. 
